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Abstract

In the past decade, we developed various fluorescence-based methods for monitoring membrane fusion, membrane dock-
ing, distances between membranes, and membrane curvature. These tools were mainly developed using liposomes as model
systems, which allows for the dissection of specific interactions mediated by, for example, fusion proteins. Here, we provide
an overview of these methods, including two-photon fluorescence cross-correlation spectroscopy and intramembrane Forster
energy transfer, with asymmetric labelling of inner and outer membrane leaflets and the calibrated use of transmembrane
energy transfer to determine membrane distances below 10 nm. We discuss their application range and their limitations using
examples from our work on protein-mediated vesicle docking and fusion.

Keywords Fluorescence cross-correlation spectroscopy - Fluorescence lifetime analysis - Liposomes - Membrane fusion

intermediates - Synaptic proteins

Introduction

Membranes are a pivotal part of all biological organisms. In
an aqueous environment, they form amphiphilic bilayers that
are not permeable for hydrophilic molecules. They not only
provide a barrier that separates the cellular reaction space
from the outside world, but they also allow for the formation
of segregated compartments in eukaryotic cells. In all organ-
isms, membranes are continuously remodeled by fusion and
fission. Both processes are tightly regulated and governed
by specific protein machineries that guide the membranes
through metastable non-bilayer intermediates.

Fusion of biological membranes can either occur in the
extracellular space, for instance, fertilisation [reviewed e.g.
in (Chen and Olson 2005)] or cell invasion by enveloped
viruses [reviewed e.g. in (Harrison 2015)], or in the intra-
cellular space, for instance during fusion of mitochondria
or of trafficking vesicles with other membranes such as the
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fusion of synaptic vesicles with the presynaptic membrane
(Chen and Scheller 2001; Chernomordik and Kozlov 2008;
Sudhof and Rothman 2009). Although the proteins mediat-
ing membrane fusion are structurally diverse and evolved
independently, it appears that membrane fusion generally
follows a common pathway involving structurally similar
intermediates (Hernandez and Podbilewicz 2017): First,
the to-fuse membranes are brought into proximity. Next,
the membranes are connected by proteins anchored in both
participating membranes. Frequently, two steps are distin-
guished: a first step, in which the membranes are still several
nm apart and connected by extended proteins (also referred
to as “tethering”), and a second step, in which the mem-
branes are tightly apposed and less than 1-2 nm apart (also
referred to as “docking”). Next, major structural rearrange-
ments occur in the fusion proteins that follow a downhill
energy gradient and draw both membranes together. As a
result, the hydration barrier is overcome, resulting in the
formation of a fusion stalk or a hemifusion intermediate in
which only the proximal lipid leaflets are fused, followed by
rupture of the hemifusion diaphragm and full fusion (Diao
et al. 2012).

The use of model systems where isolated membrane
proteins were reconstituted into artificial liposomes was
instrumental for our present understanding of membrane
fusion as it allows for precise control of the environment
and the involved proteins (Marsden et al. 2011). However,
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the structural characterization of fusion intermediates is
impeded by the fact that membranes are highly dynamic,
consist of assemblies of thousands of amphiphilic molecules
and undergo complex phase transitions that cannot be eas-
ily visualized by conventional methods known from the
biosciences (Brunger et al. 2015). For instance, membrane
docking, hemifusion, fusion, distances between membranes,
membrane curvature, and local shape fluctuation are diffi-
cult to monitor at the nanometer scale. To get information
about these features under dynamic, ambient and physiologi-
cal conditions, one cannot exclusively rely on information
extracted from images but rather needs complementary
approaches.

In our review, we discuss selected approaches to gain
more insight into these membrane-related features. We cover
methods differentiating docked from fused membranes in
freely diffusing liposome model systems (Cypionka et al.
2009; Hernandez et al. 2012; Vennekate et al. 2012), meth-
ods providing insights about hemi-fused membranes under
the same conditions (Lin et al. 2016), and methods deter-
mining membrane distances at a length scale below 10 nm
(Lin et al. 2014). There are additional methods that visual-
ize membrane orientation and curvature in entire cells (Hafi
et al. 2014, 2016), or membrane growth and morphology
in living cells (Chen et al. 2015). While all of these meth-
ods add much to the overall understanding of membranes,
their mechanisms and role in essential processes, here, we
will focus on selected methods that allow to observe ele-
mentary features of interactions between membranes and
membrane—protein interactions in a controlled manner using
liposome model systems (Brunger et al. 2015; Rigaud and
Lévy 2003).

Differentiation between docking

and fusion using two-photon fluorescence
cross-correlation spectroscopy

and intramembrane Forster energy transfer

As discussed above, fusion proceeds via consecutive steps
involving tethering, docking, hemifusion, and full fusion. To
understand how individual proteins participating in fusion
contribute to these transition states, it is necessary to use
methods that allow for quantification of the various inter-
mediates. In our work, we have used liposomes as model
systems since they allow for controlling the protein and
lipid composition of the membrane as well as membrane
curvature and tension. In most cases, two different types of
liposomes are prepared that model, for instance, the synaptic
vesicle and presynaptic membrane, respectively, and that can
be differentially labelled with different fluorescence tags.
When working with such liposome model systems one can
generally differentiate between assays with freely diffusing
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liposomes (Struck et al. 1981; Weber et al. 1998) and others
that comprise at least one liposome species attached to a
solid support such as a planar surface (see, e.g., Diao et al.
2010; Kyoung et al. 2013; Yoon et al. 2006)). Alternatively,
silica spheres have been coated with lipid bilayers (see, e.g.,
(Oelkers et al. 2016)). Approaches involving surface-immo-
bilized liposomes have the advantage that interaction part-
ners of individual liposomes can be monitored over extended
periods. On the other hand, immobilization might introduce
liposome deformation and increase curvature stress which
may alter the lifetime of the intermediate steps of the fusion
process. Additionally, non-specific adhesion may comprise
the detection of those features (Witkowska and Jahn 2017).
In contrast, methods in which all liposomes are kept in
suspension allow for avoiding the discussed concerns but
require methods other than imaging.

In the three sections of this article, we focus on the lat-
ter systems, involving only interactions between membranes
freely diffusing in an aqueous environment. How can one
distinguish between free, tethered or docked and fused mem-
branes when working with small liposomes in solution? We
addressed this question in an earlier paper that describes the
development of a liposome docking and fusion assay based
on two photon, two colour fluorescence correlation spectros-
copy (FCCS) as well as intramembrane Forster resonance
energy transfer (FRET) monitored by fluorescence lifetime
(Cypionka et al. 2009). In the following we will describe the
functioning of this assay and why we selected this particular
approach.

In Fig. 1 the principle of this assay is visualized. At least
two different populations of liposomes are used. To give an
example, one population may be composed of a lipid mix-
ture corresponding to the lipid composition of synaptic vesi-
cles whereas the other may be composed of a lipid mixture
resembling the assumed lipid composition of the presynap-
tic membrane at the synaptic cleft of neuronal cells. Both
contain a small amount (on the order of a few percent) of
lipids tagged with different fluorescence dyes, respectively
(Fig. 1a—c). In our case, we often use Oregon green as well
as Texas red for reasons that will be explained in more detail
below. In addition, the liposomes may contain distinct syn-
aptic proteins. For example, when modelling neuronal exo-
cytosis, liposomes corresponding to synaptic vesicles may
contain synaptotagmin 1, the protein responsible for trig-
gering neurotransmitter release (Park et al. 2015; Vennekate
et al. 2012) and one of the SNARE proteins required for
fusion, whereas liposomes corresponding to the presynaptic
plasma membrane contain complementary sets of SNARE
proteins (Hernandez et al. 2012; Yavuz et al. 2018).

Then, these liposomes are observed in a confocal, two-
photon fluorescence microscope that contains a pulsed
two-photon laser source with excitation wavelengths in the
infrared spectral range (typically between 750 and 1100 nm)
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Fig. 1 Observation and differentiation of membrane fusion intermediates
with a two-photon flluorescence microscope. a—c¢ Cartoons of the freely dif-
fusing liposome model system at different states of the membrane fusion pro-
cess and the characteristic fluorescence signals of single liposomes at these
states. Two populations of red or green tagged liposomes, if non-interacting
(a), show temporally independent fluorescence peaks, while, in case of docked/
tethered (b) and fused (c) liposomes, fluorescence peaks of both colors are
detected simultaneously. Additionally, fused (c) liposomes show an increase in
the red fluorescence and a decrease in the green fluorescence. d Representa-
tion of the two-photon fluorescence microscope. A Ti:Sapphire laser provides
high-intensity pulsed light at 800 nm for excitation of the fluorescent tags. The
fluorescence light of both tags is collected by the same objective and separated
from the excitation light by a first dichroic mirror. The signals are split into red
and green by a second dichroic mirror, refined with a corresponding band pass
filter and focused onto an avalanche photo diode (APD) for detection. e Exam-
ples for real fluorescence signals of the states of membrane fusion shown in (a-
¢). Reprinted with permission from Matthias Grundwald and (Cypionka et al.
2009)

and detectors that are able to detect the fluorescence decay
observed after pulsed excitation with ps-time resolution
(Fig. 1d). When two different liposome populations are used
that are tagged with two different fluorescence labels (e.g.
red and green), two different of such detectors are needed.
The detector records the temporal fluorescence signal when
red or green labelled liposomes diffusively pass the focal
two-photon excitation volume of about 1 fL in size and
250-500 nm in diameter. What type of signals are recorded
from diffusing liposomes that are free (Fig. 1a), that are
docked or tethered (Fig. 1b), or that are fused (Fig. 1c)?
In principle, the primary information is already contained
in the schematic signals shown in Fig. 1la—c. When the
liposomes do not interact, the signals observed in the donor
and acceptor channel are temporally uncorrelated (red and
green in Fig. la). For docked as well as fused liposomes
the signals are temporally correlated (Fig. 1b, c). Signals
from docked and fused liposomes are additionally differenti-
ated by intramembrane FRET between the two dyes being
at close distance in fused membranes: the fluorescence
intensity of the donor dyes (green) decreases while the fluo-
rescence intensity of the acceptor dyes (red) increases, due
to energy transfer from the donors to the acceptors (Struck
et al. 1981; Weber et al. 1998).

In principle, counting these signals from individual
liposomes or pairs diffusing through the confocal two-pho-
ton excitation volume allows for calculating the percentage
of free, docked or fused liposomes. Figure 1e shows signals
of such single liposome or single liposome pair transits.
However, obtaining enough data from single liposome detec-
tion is very time consuming and often does not allow for
monitoring the temporal changes in the entire population of
free, tethered/docked and fused liposomes during an experi-
ment. Therefore, methods are required which provide the
same information for many liposomes simultaneously within
the detection volume. This can be achieved by two-photon
FCCS and FRET-fluorescence lifetime analysis (Fig. 2).

Let us first take a look at the FCCS signals observed for
concentrations of significantly more than one liposome in
the two-photon excitation volume. Fluorescence cross-cor-
relation is a quantitative measure for the fraction of signals
from the red and green fluorescence dyes (“channels”) that
are observed together in time. In a sample containing lipo-
some populations that are completely independent, i.e. no
interaction is present, the fluctuations of the fluorescence
signals of the two different populations (red and green) are
completely uncorrelated (Fig. 2a) resulting in cross-cor-
relation curves with an amplitude close to zero (black in
Fig. 2e). However, the observed signal fluctuations in the
red and green channel are fully correlated, if, in a 1:1 mix-
ture, each red liposome is connected to one green liposome,
either by tethering/docking or fusion (Fig. 2b). Consequently
the cross-correlation signal nearly matches 100% of that of
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«Fig.2 Combination of FCCS and fluorescence lifetime analysis to
quantify non-interacting, docked and fused liposomes in a mixture. a
FCCS signal of multiple differently tagged liposomes. b FCCS signal
of multiple double-tagged liposomes. ¢ Cartoon of non-interacting,
interacting and fused liposomes. d—f Representative autocorrelation
and cross-correlation curves for tagged liposomes at different fusion
states. The autocorrelation curves are shown in red and green for red
and green labelling, respectively. While non-interacting liposomes (d)
show a cross-correlation amplitude close to zero (black), docked (e)
and fused (f) liposomes show a cross-correlation amplitude close to
that of the autocorrelation curves in a 1:1 mixture. g—i Representative
normalised fluorescence decay curves of the FRET donor at different
fusion states. Only if the liposomes are fused, (i) a significant accel-
eration of the fluorescence decay is observed. j Temporal evolution
of the relative cross-correlation and lifetime decrement in a liposome
fusion assay driven by isolated neuronal SNARE proteins (Cypionka
et al. 2009). The relative cross-correlation (red) represents both,
docked and fused liposome populations, while the lifetime decrement
(black) represents only the fused liposome population. A subtraction
of the latter from the relative cross-correlation results in the represen-
tation of only docked liposomes (k). Reprinted with permission by
(Cypionka et al. 2009; Zwilling et al. 2007)

the correlation signals of the red and green channel alone
(Fig. 2e, f). One important advantage of the statistical cor-
relation analysis is that the amplitudes of the cross- as well
as auto correlation curves (red and green in Fig. 2d—f) are
independent of the actual detected fluorescence brightness
of the individual liposomes. If only 50% of the liposomes
would be tethered or fused, the cross-correlation amplitude
would be 50% of that of the two auto correlation amplitudes,
regardless of the fluorescence brightness of each individual
liposome and the detection efficiencies of the red or green
detectors. In addition, the amplitude of the red and green
auto correlation curves give direct information about the
relative composition of the mixture of liposomes in cases
when there is no 1:1 ratio, again regardless of the individual
fluorescence brightness and detection efficiencies of the red
or green detector. Therefore, in summary, fluorescence cor-
relation spectroscopy provides very robust information about
the relative number of red or green tagged liposomes as well
as the percentage of liposomes double tagged due to tether-
ing/docking or fusion.

One advantage of the use of two-photon excitation for
this analysis is that pairs of two different fluorescence tags
can be selected that can effectively be excited by a single
two-photon excitation wavelength in the infrared. In case of
Oregon Green and Texas Red, for example, both tags can be
equally well excited by two-photon wavelengths at around
800 nm (Cypionka et al. 2009). The identity of the excitation
beam for both tags as well as the focal excitation volume,
intrinsically restricted to a volume of about 250-500 nm
in diameter, ensures 100% overlap of all signals observed
from any double labelled liposome (Schwille and Heinze
2001). Such a 100% overlap is necessary for this approach,
as an overlap of only 50%, for instance, would result in
cross-correlation signals that are also only 50% of the real

cross-correlation. Even if one of the detectors (e.g. green) is
aligned in a way that it collects less photons than the other
detector (e.g. red), the correlation analysis would still result
in 100% cross-correlation for a sample of 100% double-
tagged liposomes. The cross correlation analysis does not
depend on the absolute brightness in the detection—only
100% overlap in the excited volume is necessary. Thus, in
two-photon correlation analysis no demanding alignment
is necessary to precisely overlap excitation volumes con-
trary to one-photon excitation with two different beams. In
addition, demanding alignment of confocal pinholes is not
necessary in the detection paths as the emission observed
after two-photon excitation intrinsically originates only
from the focal region, in contrast to one photon excitation
approaches. Another technical advantage is the requirement
of only one dichroic mirror in the confocal set-up separating
excitation wavelengths in the infrared (> 750 nm) from the
fluorescence tags emission in the visible spectral regions
(<750 nm). Thus, no change of the dichroic mirror and sub-
sequent realignment of the system is necessary when using
different fluorescence dyes—the two-photon excitation will
be always in the infrared spectral region and the fluorescence
detection will be always in the visible spectral region.

While the cross-correlational analysis allows for provid-
ing information on the percentage of single- as well as dou-
ble-tagged liposomes (Fig. 2d—f) it is not able to differentiate
tethered/docked liposomes (Fig. 2e) from fused liposomes
(Fig. 2f), as both particles contain both dyes. To provide
quantitative information of the percentage of the tethered/
docked liposomes as well as fused liposomes we take advan-
tage of the fact that effective FRET can occur between Ore-
gon Green and Texas Red when the dyes are less than few
nm apart. This is only true for the entire dye population
when the dyes are present in the same (fused) membrane
(van den Bogaart et al. 2010). Thus, in fused membranes
Oregon Green acts as a donor for effective energy transfer
to Texas Red and as mentioned above, the Oregon Green
fluorescence is significantly depleted while the Texas Red
fluorescence is significantly increased in fused membranes.
One approach to detect this is a simple comparison of rela-
tive changes in the intensity of green and red fluorescence,
for example, of individual liposomes passing by the two-
photon detection volume. However, simultaneous obser-
vation of the fluorescence intensities of larger numbers of
red/green labelled liposome mixtures in the focal volume is
severely hampered by the large intensity fluctuations intrin-
sic to correlational analysis and the variations of the donor
brightness in free, docked/tethered and fused liposomes that
can hardly be dissected.

A more robust read-out than the fluorescence intensity
for the extent of energy transfer is the reduction of the
lifetime of the donors’ excited state (Zwilling et al. 2007).
The lifetime of the excited state of the donor can easily be
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determined by measuring the fluorescence decay rate of the
donor fluorescence after pulsed excitation. In two-photon
microscopes, pulsed excitation is intrinsically present. The
great advantage of detecting FRET via the excited state life-
time of the donors is that the time constant of the donors flu-
orescence decay is independent of the fluorescence intensity.
Even if the intensity fluctuates due to particles diffusing in
and out of the detection volume, the decay itself remains the
same. Thus, detecting the fluorescence decay of the donor is
a very robust read-out for the total percentage of membranes
with donor tags (e.g. Oregon green) fused with membranes
tagged with acceptors (e.g. Texas red). If, for example, a
sample contains exclusively donor tagged liposomes that
are not fused with acceptor tagged liposomes, the meas-
ured donor fluorescence decay corresponds to the value
observed in the absence of any acceptor tag (e.g.~3.7 ns for
Oregon Green, Fig. 2g, h). If a sample contains exclusively
fused liposomes, a significantly lower value is observed
(e.g.~3.4 ns, Fig. 2i), depending on the concentrations of
donor and acceptors in the liposome membranes. As the
lifetime can be determined with very high accuracy (typi-
cally on the order of about 0.01-0.05 ns) within a couple
of seconds this difference can be determined with high sig-
nificance. In contrast to the FCCS data, however, docked
liposomes have a very similar fluorescence decay as free
liposomes as at most intermembrane energy transfer can
only occur at the fraction of the docked liposomes surface
that are close together. Thus, the additional information on
the donor fluorescence lifetime allows to distinguish docked/
tethered liposomes from fused liposomes. If only 50% of
the liposomes are fused, only half of the membranes are
mixed and therefore the detected lifetime will be half way
between above values (~3.55 ns). Of course, this is an over-
simplification since such a mixture shows a multiexponential
fluorescence decay comprised of two components with indi-
vidual decay times of ~3.7 and ~ 3.4 ns, respectively, with
the percentage of fused vesicles being reflected in the ratio
of the amplitudes of these two components. However, while
the average time constant of a decay can be determined with
high accuracy, it is less robust to determine the individual
amplitudes, particularly when the two time constants are
close to each other. Therefore, the more robust read-out is
the average lifetime of e.g. 3.55 ns in case of a 50/50% mix-
ture (Zwilling et al. 2007).

The big advantage of combining the two-photon FCCS
and FRET assays is that both read-outs are detected with the
same excitation, detection and dyes in the same liposomes.
So in summary, it is possible to determine simultaneously
the percentage of docked/fused and free liposomes via FCCS
and the percentage of free/docked and fused liposomes via
FRET. The combination of both read outs allow for deter-
mining the individual percentages of free, docked and fused
liposomes. In addition, the auto correlational analysis of the
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individual channels (i.e. the signals from red, green or other
fluorescence tags) allows for determining the relative con-
centration of the correspondingly tagged liposomes. The
assay allows, for example, to determine the progression of
free liposomes through docked intermediates to liposomes
fully fused by neuronal SNARE proteins (Fig. 2j, k). The
direct comparison of the population of the double tagged
fused and docked liposomes detected via FCCS (red in
Fig. 2j) with that of the fused population detected via FRET
(black in Fig. 2j) allows for determining the temporal evolu-
tion of docked intermediates (Fig. 2k). This approach was
applied to many different combinations of model liposomes,
varying in lipid composition, proteins, their mutants and
DNA constructs reconstructed into the membranes, lipo-
some sizes and curvatures, as well as liposome environment
such as Ca®*-concentration or ionic strength (Hernandez
et al. 2012; Hubrich et al. 2018; Park et al. 2015, 2014;
Vennekate et al. 2012; Yavuz et al. 2018). Thus, this assay
constitutes a robust and reliable tool for measuring these
fusion intermediates under various conditions.

Asymmetric labelling of inner and outer
membrane leaflets for hemifusion studies

While the previous section addressed the quantification of
free, docked/tethered and fused liposomes, we have yet to
consider hemifused intermediates. Hemifused liposomes
are characterized by a merger between the outer membrane
leaflets while the inner leaflets are still separated. In prin-
ciple, hemifused liposome populations can also be detected
with the same FCCS and FRET parameters discussed in the
previous section. Theoretically, a sample containing 100%
hemifused liposomes would be detected by 100% cross-
correlation in FCCS, as all diffusing particles are double
tagged, and 50% lipid mixing in FRET, as only half of the
membranes are mixed. However, signatures of hemifused
liposomes barely were observable so far in two-photon
FCCS/FRET studies. Likely this is due to a short lifetime of
hemifused intermediates, corresponding to only small popu-
lations of hemifused intermediates (Fix et al. 2004; Yoon
et al. 2006).

An approach to gain a more direct insight into the pres-
ence of hemifused intermediates is asymmetric labelling of
the inner and outer membrane leaflets. There are different
protocols to achieve asymmetric labelling of the inner and
outer membrane leaflets. Here, we will focus on a proce-
dure that is based on selective chemical degradation of the
fluorescence tags attached to the lipids of the outer leaflet
and subsequent retagging with a different label thereafter
(Fig. 3a, black and green dots) (Stengel et al. 2007). Then,
the two different tags allow, in general, to dissect mem-
brane fusion of the outer and inner leaflet when detecting
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Fig.3 Observation of short-lived hemifused liposomes by asym-
metric lipid leaflet labelling. a Reaction scheme for asymmetric
labelling of the acceptor liposomes including the neuronal SNARE
Synaptobrevin-2 (blue). Inner and outer lipid leaflets contain lipid
anchored fluorescent NBD (black filled circle) and non flluorescent
1,2-Dipalmitoyl-sn-Glycero-3-Phosphothioethanol (DPPTE, yellow
filled square). In a first step, OG-maleimide binds to DPPTE labelling
only the outer leaflet. In the second step, sodium dithionite degrades
the NBD fluorophores on the outer leaflet. Unbound fluorophores
and remaining reactants are removed by gel filtration in a third step.
b Scheme of the microfluidic channel system to observe short-lived
hemifused liposomes. MB-labelled donor liposomes containing the
neuronal SNARE partners syntaxin-1A and SNAP-25 are injected

into a microfluidic device (left square) and is pumped through the
channels as indicated by the arrows. Acceptor liposomes, prepared
as described in (a), are injected (middle square) and mix with donor
liposomes. Close to the mixing spot, liposomes are measured. Con-
tinuous pumping through the channel system allowed for elongated
observation shortly after mixing. To measure different times, meas-
urement spots far away from the mixing spot are chosen. ¢ Relative
contribution of the inner leaflet NBD-fluorescence to the measured
fluorescence decay. The fast inrease of the inner leaflet NBD-contri-
bution reflects the fast transition from hemi-fused membranes to fully
fused membranes. Reprinted with permission from (Lin et al. 2016).
Copyright 2020 American Chemical Society
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the corresponding lipid mixing in the inner and outer leaflet
by FRET.

In principle, three possibilities exist for this approach: (1)
The outer and inner leaflets of both populations of liposomes
are each labelled with completely different FRET donor/
acceptor dye pairs. Then, hemifusion is indicated when
fluorescence is detected only from the outer leaflet accep-
tors after spectrally selective excitation of the outer leaflet
donors. Full fusion is indicated when additionally, fluo-
rescence is detected from the inner leaflet acceptors after
spectrally selective excitation of the inner leaflet donors.
Obviously, such a scheme requires very careful selection
of spectral ranges for these four different dyes to enable
selective excitation of only the outer or inner leaflet donor
dye as well as selective detection of only the outer or inner
leaflet acceptor dye. (2) Only the donor liposomes contain
different tags in the outer and inner leaflet while the accep-
tor liposomes carry only one tag in both leaflets that can
accept energy from both donors. The readout is then the
fluorescence lifetime of the different donors. (3) Only the
acceptor liposomes contain different tags in the outer and
inner leaflet while the donor liposomes carry only one tag
in both leaflets that can donate energy to both acceptors. The
different fluorescence intensities of the acceptors can be used
to distinguish between hemifusion and fusion.

However, when the tags are excited in liposomes with
different donors in the outer and inner leaflet, it is difficult
to avoid energy transfer from the donor tags with the higher
excitation energy to the donor tag with the lower energy
before any of the donors encounter any acceptor tag (Lin
et al. 2016). In principle, the same problem exists if the
acceptor liposomes contain different tags in the outer and
inner leaflet. To solve this principle problem, one option
is using donor/acceptor dyes for both leaflets with rather
similar emission and absorption spectral ranges but with
different fluorescence decay times. The fraction of transfer
to the acceptor of one or the other can then be separated by
measuring the fluorescence decay profile of both acceptors
with one single detector but with subsequent biexponential
decay fitting with two fixed decay times previously known
from the outer and inner leaflet acceptors. The two decay
amplitudes derived from this biexponential fit are then pro-
portional to the fraction of energy transfer either within the
outer or inner leaflet tag and thus proportional to the outer
or inner leaflet fusion.

This approach was realized with Marina Blue (MB) as
donor tag in both leaflets of one liposome population and
nitro-benzoxadiazole (NBD) as well as Oregon green (OG)
as tags in the inner and outer leaflet the other liposome popu-
lation (Fig. 3b). The acceptor tag lifetimes were with 6.7 ns
and 4.8 ns, respectively, quite different and provided, there-
fore, a good dynamic range for observing transitions from
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transfer only to the outer leaflet (hemifused states) to transfer
to both leaflets (full fusion) (Lin et al. 2016).

This assay is much more sensitive for hemifused interme-
diates than the FCCS/FRET of the previous section. With
this assay it was possible to observe hemifused liposomes
for about 5 s after mixing in a microfluidic channel system
(Fig. 3b). Directly after mixing, the detected acceptor fluo-
rescence decay was very similar to the decay of the outer
leaflet tag (OG, ~4.8 ns). However, this decay increased
rapidly after mixing to a value approximately between the
decay values of the outer and inner leaflet tag (NBD,~6.7 s)
and remained constant after approximately 5 s (Fig. 3c). This
very short lifetime of the hemifused intermediates explains
why the population of these intermediates are hard to detect
without an assay particularly sensitive for hemifusion.

Determining membrane distances

below 10 nm using transmembrane energy
transfer and calibration with fixed DNA
structures

During the exploration of membrane interactions in neuronal
signal transmission, it became apparent that the regulation
of membrane distances at a sub 10 nm scale might be an
important factor governing the triggering and/or transmis-
sion mechanism (van den Bogaart et al. 2011). A classic
approach to determine distances and their fluctuations on
such a scale in biological systems is tagging two points to
be measured by a donor and acceptor dye, respectively, and
calculate their distance using Forsters theory for energy
transfer (Brunger et al. 2009; Choi et al. 2010). However,
in contrast to determining the distance between two pro-
teins in a defined protein complex or between two side-chain
positions in a stably folded individual protein, a complex
distribution of different donor—acceptor distances is present
when membranes contain labelled lipids that can diffuse in
the membrane (Fig. 4d). In principle, the average intermem-
brane energy transfer could be computed by advanced theo-
retical modelling but a more direct approach is to calibrate
the observed donor fluorescence decay time as a function
of intermembrane distance. To realize such a calibration,
we decided to use membrane anchored synthetic DNA of
exactly predetermined lengths (Fig. 4a—c, e) (Chung et al.
2013). Using DNA of different length allows to generate a
calibration plot of donor fluorescence lifetimes correspond-
ing to different intermembrane distances (Fig. 4f). Please
note that a sufficient change in the donor lifetime was
achieved here using multiple acceptor liposomes surround-
ing an individual donor liposome. Otherwise, the change
would be much smaller as in the case of docked/tethered 1:1
liposomes described earlier in this paper and significantly
smaller than observed for the intramembrane energy transfer
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Fig.4 Calibration of the membrane distance ruler. a—c¢ Principle of
the membrane distance calibration with lipid anchored DNA. Donor
liposomes (green) are surrounded by an excess of acceptor liposomes
(red). The distance between both membranes is set by the length of
the DNA pairs and resulted in different FRET efficiencies. d Each
donor fluorophore (green) is in proximity of multiple acceptor fluoro-
phores (red). The closer they are, the more efficient is the intermem-

of fused liposomes. Using multiple acceptor liposomes of
high concentration around individual donor liposomes
ensures that a large fraction of the donor liposomes sur-
face is in close proximity to acceptors, which leads to large
changes in the fluorescence decay of the donor.

Using the calibrated membrane distance ruler allowed,
for example, to determine the distances between liposomes
that are clustered by synaptotagmin 1 in the presence and
absence of physiological concentrations of 100 uM Ca**

brane energy transfer. € DNA-sequences used to set the membrane
distances shown in (a—c). X represents the lipid anchor. f Membrane
distance calibration plot. The average fluorescence lifetime 7,,, is
plotted against the known membrane distance set by the used DNA
pair and fitted with a linear model. Reprinted with permission from
(Lin et al. 2014)

(Fig. 5). Synaptotagmin 1 triggers the fusion of synaptic
vesicles with the presynaptic membrane when the Ca>* con-
centration increases to values of about 100 uM (Park et al.
2015). Experiments using liposomes reconstituted only with
synaptotagmin 1 demonstrated that the membrane distances
decreased from about 7.5 nm (pink in Fig. 5a) in the absence
of Ca** to about 5 nm in the presence of 100 uM Ca”" (blue
in Fig. 5a). While the physiological processes are certainly
much more complex, such experiments demonstrate that
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Fig.5 Synaptotagmin 1 a
crosslinks two membranes
and reduces their distance
upon Ca?*-triggering. a The
membrane distance calibra-
tion plot as shown in Fig. 4f,
added by the observed lifetime
of wild-type Synaptotagmin 1
in the absence (pink partially
filled circle) or presence

(blue partially filled circle) of
100 uM Ca?*. b Model of how
Synaptotagmin 1 regulates the

Tomp (ns)

2.6~

=  DNA ruler
Linear fit

»  Syt-1 WT

»  Syt-1 WT + Ca®*

membrane distance. Without 3
Ca®*, Synaptotagmin 1 binds to
phosphatidylinositol 4,5-bispho- b
sphate in the presynaptic mem-

brane. The distance between

both membranes is held at

7-8 nm. On Ca’" influx, its C2

domains bind to the opposing

membranes and reduce their

distance to 5 nm. Reprinted

with permission from (Lin et al.

2014)

synaptotagmin 1 can—in principle—regulate membrane
distances as a function of physiological Ca®* concentrations
(Fig. 5b).

Summary

Complex interactions between membranes and proteins are
governing a major fraction of decisive processes in the bio-
sphere but are hard to dissect on a molecular level. Certainly,
in living organisms, these processes are more than just the
sum of individual molecular mechanistic steps. However,
dissecting interactions on an individual protein/membrane
level in a highly controlled and well defined manner is still
the prerequisite for figuring out the key elementary steps
that form the basis for the understanding of the whole
system. Model systems in which liposomes freely diffuse
in aqueous solutions are well suited to observe these key
elementary steps of membrane interactions. It is a demand-
ing task establishing liposome models that are very well
defined with respect to lipid composition of inner and outer
leaflets, membrane curvature and tension, reconstitution of
wild-type and mutant proteins governing these interactions
into the membranes, properties of the intra- and extra-lipo-
somal space as well as tagging of distinct membrane parts
or proteins. An unbiased determination of the membrane
interactions is an important challenge that is best addressed
using advanced biophysical methods. Combining different

@ Springer
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multiphoton-excitation, fluorescence correlation, FRET
and fluorescence lifetime approaches in confocal micro-
scope set-ups provides a multitude of valuable and direct
insights into these individual inter membrane and protein
key interactions. Dual-colour two-photon FCCS together
with time-resolved intramembrane FRET allows robustly
dissecting transformations between free, docked/tethered
and fused membranes and determining how specific pro-
teins influence these parameters. Asymmetric labelling of
inner and outer membrane leaflets combined with time-
resolved double FRET and microfluidic channel mixing
allows observation of hemifused membranes preceding
full fusion. Time-resolved intermembrane FRET allows for
observation of membrane distance regulation by proteins
like synaptotagmin 1 and its regulation by Ca**.These tech-
niques thus provide valuable insights into intermediates that
are difficult to characterize by other approaches, for instance
docked intermediates preceding synaptic SNARE protein
driven membrane fusion, hemifusion states occurring before
full fusion or the regulation of membrane distances by the
neuronal calcium sensor synaptotagmin on a sub 10 nm
scale when the Ca®* concentration is varied within physi-
ological limits. We expect that the future will provide even
more exciting insights from these techniques that go beyond
membrane/protein interactions important in neuronal signal
transmission.



European Biophysics Journal (2021) 50:211-222

221

Acknowledgements The authors would like to thank Dr. Alexander
Stein (Gottingen) for constructive criticism of the manuscript. This
work was supported by the Deutsche Forschungsgemeinschaft (SFB
803, to T.G., R.J. and P.J.W.).

Funding Open Access funding enabled and organized by Projekt
DEAL. This work was supported in part by Deutsche Forschungsge-
meinschaft Grant SFB 803 (to T.G.,R.J. and P.J. W.)

Declarations
Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Brunger AT, Weninger K, Bowen M, Chu S (2009) Single-molecule
studies of the neuronal SNARE fusion machinery. Annu Rev Bio-
chem 78:903-928. https://doi.org/10.1146/annurev.biochem.77.
070306.103621

Brunger AT, Cipriano DJ, Diao J (2015) Towards reconstitution of
membrane fusion mediated by SNAREs and other synaptic pro-
teins. Crit Rev BiochemMolBiol 50:231-241. https://doi.org/10.
3109/10409238.2015.1023252

Brunger AT, Choi UB, Lai Y, Leitz J, Zhou Q (2018a) Molecu-
lar mechanisms of fast neurotransmitter release. Annu Rev
Biophys 47:469-497. https://doi.org/10.1146/annurev-bioph
ys-070816-034117

Brunger AT, Leitz J, Zhou Q, Choi UB, Lai Y (2018b) Ca(2+)—Trig—
gered synaptic vesicle fusion initiated by release of inhibition
trends. Cell Biol 28:631-645. https://doi.org/10.1016/j.tcb.2018.
03.004

Chen EH, Olson EN (2005) Unveiling the mechanisms of cell-cell
fusion. Science 308:369-373. https://doi.org/10.1126/science.
1104799

Chen YA, Scheller RH (2001) SNARE-mediated membrane fusion. Nat
Rev Mol Cell Biol 2:98-106. https://doi.org/10.1038/35052017

Chen JH, Kellner Y, Zagrebelsky M, Grunwald M, Korte M, Walla PJ
(2015) Two-photon correlation spectroscopy in single dendritic
spines reveals fast actin filament reorganization during activity-
dependent growth. PLoS ONE 10:¢0128241. https://doi.org/10.
1371/journal.pone.0128241

Chernomordik LV, Kozlov MM (2008) Mechanics of membrane fusion.
Nat StructMolBiol 15:675-683. https://doi.org/10.1038/nsmb.
1455

Choi UB, Strop P, Vrljic M, Chu S, Brunger AT, Weninger KR (2010)
Single-molecule FRET-derived model of the synaptotagmin
1-SNARE fusion complex. Nat Struct Mol Biol 17:318-324.
https://doi.org/10.1038/nsmb.1763

Chung M, Koo BJ, Boxer SG (2013) Formation and analysis of topo-
graphical domains between lipid membranes tethered by DNA
hybrids of different lengths. Faraday Discuss 161:333-345.
https://doi.org/10.1039/c2fd20108a (discussion 419-359)

Cypionka A, Stein A, Hernandez JM, Hippchen H, Jahn R, Walla PJ
(2009) Discrimination between docking and fusion of liposomes
reconstituted with neuronal SNARE-proteins using FCS. Proc-
NatlAcadSci USA 106:18575-18580. https://doi.org/10.1073/
pnas.0906677106

Diao J et al (2010) A single-vesicle content mixing assay for SNARE-
mediated membrane fusion. Nat Commun 1:54. https://doi.org/
10.1038/ncomms 1054

Diao J et al (2012) Synaptic proteins promote calcium-triggered fast
transition from point contact to full fusion. Elife 1:¢00109. https://
doi.org/10.7554/eLife.00109

Fix M et al (2004) Imaging single membrane fusion events mediated by
SNARE proteins. ProcNatlAcadSci USA 101:7311-7316. https://
doi.org/10.1073/pnas.0401779101

Hafi N et al (2014) Fluorescence nanoscopy by polarization modula-
tion and polarization angle narrowing. Nat Methods 11:579-584.
https://doi.org/10.1038/nmeth.2919

Hafi N et al (2016) Reply to “Polarization modulation adds little
additional information to super-resolution fluorescence micros-
copy.” Nat Methods 13:8-9. https://doi.org/10.1038/nmeth.3721

Harrison SC (2015) Viral membrane fusion. Virology 479-480:498—
507. https://doi.org/10.1016/j.virol.2015.03.043

Hernandez JM, Podbilewicz B (2017) The hallmarks of cell-cell
fusion. Development 144:4481-4495. https://doi.org/10.1242/
dev.155523

Hernandez JM et al (2012) Membrane fusion intermediates via
directional and full assembly of the SNARE complex. Science
336:1581-1584. https://doi.org/10.1126/science.1221976

Hubrich BE et al (2018) PNA hybrid sequences as recognition units
in SNARE-protein-mimicking peptidesangew. ChemInt Ed Engl
57:14932-14936. https://doi.org/10.1002/anie.201805752

Jahn R, Fasshauer D (2012) Molecular machines governing exocytosis
of synaptic vesicles. Nature 490:201-207. https://doi.org/10.1038/
nature11320

Kyoung M, Zhang Y, Diao J, Chu S, Brunger AT (2013) Studying
calcium-triggered vesicle fusion in a single vesicle-vesicle content
and lipid-mixing system. Nat Protoc 8:1-16. https://doi.org/10.
1038/nprot.2012.134

Lai Y et al (2017) Molecular mechanisms of synaptic vesicle priming
by Munc13 and Munc18. Neuron 95:591-607. https://doi.org/10.
1016/j.neuron.2017.07.004 (e510)

Lin CC, Seikowski J, Perez-Lara A, Jahn R, Hobartner C, Walla PJ
(2014) Control of membrane gaps by synaptotagmin-Ca’* meas-
ured with a novel membrane distance ruler. Nat Commun 5:5859.
https://doi.org/10.1038/ncomms6859

Lin CC, Hsu HF, Walla PJ (2016) A one donor-two acceptor lipid
bilayer FRET assay based on asymmetrically labeled liposomes.
J PhysChem B 120:11085-11092. https://doi.org/10.1021/acs.
jpeb.6b05654

Liu X et al (2016) Functional synergy between the Munc13 C-terminal
C1 and C2 domains. Elife. https://doi.org/10.7554/eLife.13696

Marsden HR, Tomatsu I, Kros A (2011) Model systems for membrane
fusion. ChemSoc Rev 40:1572-1585. https://doi.org/10.1039/
c0cs00115e

Oelkers M, Witt H, Halder P, Jahn R, Janshoff A (2016) SNARE-
mediated membrane fusion trajectories derived from force-clamp
experiments. ProcNatlAcadSci USA 113:13051-13056. https://
doi.org/10.1073/pnas.1615885113

Park Y et al (2014) alpha-SNAP interferes with the zippering of
the SNARE protein membrane fusion machinery. J Biol Chem
289:16326-16335. https://doi.org/10.1074/jbc.M114.556803

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1146/annurev.biochem.77.070306.103621
https://doi.org/10.1146/annurev.biochem.77.070306.103621
https://doi.org/10.3109/10409238.2015.1023252
https://doi.org/10.3109/10409238.2015.1023252
https://doi.org/10.1146/annurev-biophys-070816-034117
https://doi.org/10.1146/annurev-biophys-070816-034117
https://doi.org/10.1016/j.tcb.2018.03.004
https://doi.org/10.1016/j.tcb.2018.03.004
https://doi.org/10.1126/science.1104799
https://doi.org/10.1126/science.1104799
https://doi.org/10.1038/35052017
https://doi.org/10.1371/journal.pone.0128241
https://doi.org/10.1371/journal.pone.0128241
https://doi.org/10.1038/nsmb.1455
https://doi.org/10.1038/nsmb.1455
https://doi.org/10.1038/nsmb.1763
https://doi.org/10.1039/c2fd20108a
https://doi.org/10.1073/pnas.0906677106
https://doi.org/10.1073/pnas.0906677106
https://doi.org/10.1038/ncomms1054
https://doi.org/10.1038/ncomms1054
https://doi.org/10.7554/eLife.00109
https://doi.org/10.7554/eLife.00109
https://doi.org/10.1073/pnas.0401779101
https://doi.org/10.1073/pnas.0401779101
https://doi.org/10.1038/nmeth.2919
https://doi.org/10.1038/nmeth.3721
https://doi.org/10.1016/j.virol.2015.03.043
https://doi.org/10.1242/dev.155523
https://doi.org/10.1242/dev.155523
https://doi.org/10.1126/science.1221976
https://doi.org/10.1002/anie.201805752
https://doi.org/10.1038/nature11320
https://doi.org/10.1038/nature11320
https://doi.org/10.1038/nprot.2012.134
https://doi.org/10.1038/nprot.2012.134
https://doi.org/10.1016/j.neuron.2017.07.004
https://doi.org/10.1016/j.neuron.2017.07.004
https://doi.org/10.1038/ncomms6859
https://doi.org/10.1021/acs.jpcb.6b05654
https://doi.org/10.1021/acs.jpcb.6b05654
https://doi.org/10.7554/eLife.13696
https://doi.org/10.1039/c0cs00115e
https://doi.org/10.1039/c0cs00115e
https://doi.org/10.1073/pnas.1615885113
https://doi.org/10.1073/pnas.1615885113
https://doi.org/10.1074/jbc.M114.556803

222

European Biophysics Journal (2021) 50:211-222

Park Y et al (2015) Synaptotagmin-1 binds to PIP(2)-containing mem-
brane but not to SNARESs at physiological ionic strength. Nat
Struct Mol Biol 22:815-823. https://doi.org/10.1038/nsmb.3097

Perez-Lara A et al (2016) PtdInsP2 and PtdSer cooperate to trap syn-
aptotagmin-1 to the plasma membrane in the presence of calcium.
Elife. https://doi.org/10.7554/eLife.15886

Rigaud J-L, Lévy D (2003) Reconstitution of membrane proteins into
liposomes. In: Methods in enzymology, vol 372. Academic Press,
pp 65-86. https://doi.org/10.1016/S0076-6879(03)72004-7

Schwille P, Heinze KG (2001) Two-photon fluorescence cross-corre-
lation spectroscopy. ChemPhysChem 2:269-272. https://doi.org/
10.1002/1439-7641(20010518)2:5%3¢269:: AID-CPHC269%
3e3.0.CO;2-Y

Shi L et al (2012) SNARE proteins: one to fuse and three to keep the
nascent fusion pore open. Science 335:1355-1359. https://doi.org/
10.1126/science.1214984

Stengel G, Zahn R, Hook F (2007) DNA-induced programmable fusion
of phospholipid vesicles. ] Am ChemSoc 129:9584-9585. https://
doi.org/10.1021/ja073200k

Struck DK, Hoekstra D, Pagano RE (1981) Use of resonance energy
transfer to monitor membrane fusion. Biochemistry 20:4093—
4099. https://doi.org/10.1021/bi00517a023

Sudhof TC (2013) Neurotransmitter release: the last millisecond in the
life of a synaptic vesicle. Neuron 80:675-690. https://doi.org/10.
1016/j.neuron.2013.10.022

Sudhof TC, Rothman JE (2009) Membrane fusion: grappling with
SNARE and SM proteins. Science 323:474-477. https://doi.org/
10.1126/science.1161748

van den Bogaart G, Holt MG, Bunt G, Riedel D, Wouters FS, Jahn R
(2010) One SNARE complex is sufficient for membrane fusion.
Nat StructMolBiol 17:358-364. https://doi.org/10.1038/nsmb.
1748

van den Bogaart G et al (2011) Synaptotagmin-1 may be a distance
regulator acting upstream of SNARE nucleation. Nat Struct Mol
Biol 18:805-812. https://doi.org/10.1038/nsmb.2061

@ Springer

Vennekate W, Schroder S, Lin CC, van den Bogaart G, Grunwald M,
Jahn R, Walla PJ (2012) Cis- and trans-membrane interactions
of synaptotagmin-1. Proc Natl Acad Sci USA 109:11037-11042.
https://doi.org/10.1073/pnas.1116326109

Weber T et al (1998) SNAREpins: minimal machinery for membrane
fusion. Cell 92:759-772. https://doi.org/10.1016/s0092-8674(00)
81404-x

Witkowska A, Jahn R (2017) Rapid SNARE-mediated fusion of
liposomes and chromaffin granules with giant unilamellar vesi-
cles. Biophys J 113:1251-1259. https://doi.org/10.1016/j.bpj.
2017.03.010

Yavuz H et al (2018) Arrest of trans-SNARE zippering uncovers
loosely and tightly docked intermediates in membrane fusion. J
BiolChem 293:8645-8655. https://doi.org/10.1074/jbc.RA118.
003313

Yoon TY, Okumus B, Zhang F, Shin YK, Ha T (2006) Multiple inter-
mediates in SNARE-induced membrane fusion. ProcNatlAcadSci
USA 103:19731-19736. https://doi.org/10.1073/pnas.0606032103

Zimmerberg J, Chernomordik LV (1999) Membrane fusion. Adv Drug
Deliv Rev 38:197-205. https://doi.org/10.1016/s0169-409x(99)
00029-0

Zwilling D, Cypionka A, Pohl WH, Fasshauer D, Walla PJ, Wahl MC,
Jahn R (2007) Early endosomal SNARE:s form a structurally con-
served SNARE complex and fuse liposomes with multiple topolo-
gies. EMBO J 26:9-18. https://doi.org/10.1038/sj.emboj.7601467

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1038/nsmb.3097
https://doi.org/10.7554/eLife.15886
https://doi.org/10.1016/S0076-6879(03)72004-7
https://doi.org/10.1002/1439-7641(20010518)2:5%3c269::AID-CPHC269%3e3.0.CO;2-Y
https://doi.org/10.1002/1439-7641(20010518)2:5%3c269::AID-CPHC269%3e3.0.CO;2-Y
https://doi.org/10.1002/1439-7641(20010518)2:5%3c269::AID-CPHC269%3e3.0.CO;2-Y
https://doi.org/10.1126/science.1214984
https://doi.org/10.1126/science.1214984
https://doi.org/10.1021/ja073200k
https://doi.org/10.1021/ja073200k
https://doi.org/10.1021/bi00517a023
https://doi.org/10.1016/j.neuron.2013.10.022
https://doi.org/10.1016/j.neuron.2013.10.022
https://doi.org/10.1126/science.1161748
https://doi.org/10.1126/science.1161748
https://doi.org/10.1038/nsmb.1748
https://doi.org/10.1038/nsmb.1748
https://doi.org/10.1038/nsmb.2061
https://doi.org/10.1073/pnas.1116326109
https://doi.org/10.1016/s0092-8674(00)81404-x
https://doi.org/10.1016/s0092-8674(00)81404-x
https://doi.org/10.1016/j.bpj.2017.03.010
https://doi.org/10.1016/j.bpj.2017.03.010
https://doi.org/10.1074/jbc.RA118.003313
https://doi.org/10.1074/jbc.RA118.003313
https://doi.org/10.1073/pnas.0606032103
https://doi.org/10.1016/s0169-409x(99)00029-0
https://doi.org/10.1016/s0169-409x(99)00029-0
https://doi.org/10.1038/sj.emboj.7601467

	Selected tools to visualize membrane interactions
	Abstract
	Introduction
	Differentiation between docking and fusion using two-photon fluorescence cross-correlation spectroscopy and intramembrane Förster energy transfer
	Asymmetric labelling of inner and outer membrane leaflets for hemifusion studies
	Determining membrane distances below 10 nm using transmembrane energy transfer and calibration with fixed DNA structures
	Summary
	Acknowledgements 
	References




